under the influence of large quantities of endogenous parathyroid hormone, which obscured the action of exogenous extract. In the present studies, serial observations have been made of calcium and phosphorus metabolism and of hydroxyproline excretion in the vitamin D-depleted dog. Animals were studied before and after parathyroidectomy and with the subsequent administration of parathyroid extract.
Methods
Seventeen mongrel pups were placed on a rachitogenic diet at the time of weaning. The daily diet for each animal contained 400 g of oatmeal, 100 g of powdered skimmed milk, 7 g of brewer's yeast, 3.5 g of NaCl, 10 mg of vitamin C, 1,000 U of vitamin A, and 15 ml of peanut oil. The diet provided 200 mg of calcium and 800 mg of phosphorus daily. Five control pups of comparable age were studied while on an identical diet; these animals also received 500 U of vitamin D2 daily. Three additional control pups were maintained on a constant diet of standard dog food, providing 500 mg of calcium and 1,000 mg of phosphorus daily. All animals were kept in a room protected from sunlight, illuminated by an ultraviolet-free light source.
Phosphorus and inulin clearances were measured in 14 rachitic dogs while they were on diet alone. The studies were repeated in 12 animals 3 to 6 hours after thyroparathyroidectomy, and in six of these, clearance studies were performed again with the subsequent infusion of parathyroid extract. Phosphorus clearances were measured in six control dogs while on constant diet alone, and in three of these inulin clearance was also measured. Animals were fasted 16 hours before the studies. The anesthesia employed was 1% alpha chloralose in 0.9% NaCl. Inulin and phosphorus clearance studies were performed as described previously (7) . Each (14) . This method is capable of detecting as little as 1 U of vitamin D. Since the maximal amount of serum that was administered to a rat was 4 ml, the lower limit of sensitivity of the assay was 25 U per 100 ml of serum. When the data for the rachitic pups were compared with those for the control pups, the significance of differences between the two groups was determined by the Student t test (15) . When rachitic animals were studied serially, e.g., before and after parathyroidectomy, the observations for each animal were paired. animals was 420 U per 100 ml (Table I) . Serum alkaline phosphatase was markedly elevated in the rachitic pups (Table I) .
Abnormalities in phosphorus metabolism in the rachitic animals are apparent from the data listed in Table I . The rachitic dogs demonstrated significant hypophosphatemia. Although mean urinary phosphorus for the rachitic animals was greater than that for the controls, the difference was not significant. Renal phosphorus clearance for the rachitic animals, however, was more than twice that for the controls. Since glomerular filtration rate (measured with inulin) was not different for the two groups, the greater phosphorus clearance of the rachitic dogs resulted from a decrease of tubular conservation of phosphorus.
Phosphorus metabolism in rachitic dogs after parathyroidectomy and %with the subsequent administration of parathyroid extract. One to seven days after the base-line clearance studies, 12 of the rachitic dogs underwent thyroparathyroidectomy. Between 3 and 6 hours after surgery, clearances were repeated. These clearances were performed at about the same time of day as the base-line studies. Urinary phosphorus and phosphorus clearance had decreased strikingly in every animal (Table II). These changes could not be attributed to variations in glomerular filtration rate (Table  III) . Serum phosphorus rose in eight of the animals, the mean for the group increasing from 4.7 to 5.5 mg per 100 ml (p < 0.05). In three additional rachitic animals, serum phosphorus was determined before and 24 hours after parathyroidectomy; clearances were not performed at these times. Serum phosphorus in these animals was 4.2, 5.7, and 4.9 mg per 100 ml before parathyroidectomy, and had increased to 5.8, 9.1, and 7.6 mg per 100 ml, respectively, 24 ceived a more purified parathyroid extract 3 at a rate of 5 U per minute (Tables II and III, dogs 100 A and 677 F). Marked increases were observed in urinary phosphorus and in phosphorus clearance in every animal. In the five dogs in which the measurement was made, there was a tendency for the inulin clearance to increase (p < 0.10, Table III) . Therefore, although endogenous parathyroid hormone had maintained phosphaturia through a tubular effect in the vitamin D-deficient animals (see above), the phosphaturia resulting from exogenous extract may have been partly due to increases in filtered phosphorus. Calcium metabolism in rachitic dogs after parathyroidectomy and with the subsequent administration of parathyroid extract. Serum calcium in the rachitic dogs was lower than that of controls (mean values, 8.5 vs. 11.7 mg per 100 ml, Table  I ). After parathyroidectomy, however, further decreases in serum calcium were noted in the vitamin D-deficient animals within 3 to 6 hours in 11 of 12 instances (Table IV) , a change that was highly significant (p < 0.001). In the three additional rachitic animals, serum calcium was 10.4, 10.2, and 8.5 mg per 100 ml before parathyroidectomy, and it had decreased to 4.5, 5.6, and 4.2 mg per 100 ml, respectively, 24 hours after surgery; clearances were not performed at these times. Thus, in rachitic animals after parathyroidectomy, greater-decreases in serum calcium were observed with time. These findings suggest that endogenous parathyroid hormone was exerting a calciummobilizing action in the vitamin D-depleted dog.
With the administration of parathyroid extract to the rachitic, parathyroidectomized dogs, serum calcium increased in every instance (p < 0.01, Table IV). Urinary calcium was determined at the different phases of the study for several of the animals (Table IV) . The fall in serum calcium after parathyroidectomy was not accompanied by a consistent increase in urinary calcium; the means for the group before and after parathyroidectomy did not differ significantly (p > 0.50). Similarly, the rise in serum calcium with the administration of parathyroid extract was not accompanied by a significant decrease in urinary calcium (p < 0.40). These findings indicate that the changes in serum calcium were not a reflection of changes in urinary calcium.
Urinary hydroxyproline in rachitic dogs before and after parathyroidectomy and with the subsequent administration of parathyroid extract. In the rachitic dogs, urinary hydroxyproline was significantly greater than that of the controls (Table  I) . After parathyroidectomy, hydroxyproline peptides decreased in seven of eight rachitic animals (Table V) , a finding that suggested that the initial high values in these animals resulted from excess of endogenous parathyroid hormone. When parathyroid extract was administered in six of the rachitic parathyroidectomized dogs, urinary hydroxyproline increased in every instance.
Discussion
The present studies indicate that the hypophosphatemia of rachitic dogs is associated with, and is perhaps a consequence of, decreased renal tubular conservation of phosphorus. That these modifications in phosphorus metabolism are not the direct result of a deficiency of vitamin D is evident from the findings after parathyroidectomy. As urinary phosphorus and phosphorus clearance fell strikingly, it is clear that the renal tubules were able to conserve phosphorus despite deficiency of vitamin D. Furthermore, serum phosphorus increased progressively with time after parathyroidectomy. These data also indicate that the renal tubules of the vitamin D-deficient dogs were responsive to endogenous parathyroid hormone, and that the preoperative hypophosphatemia and increased phosphorus clearance were dependent on the tubular effect of the hormone. It has been suggested that impairment in calcium absorption is the primary physiological abnormality in the rachitic animal (17) . It may be postulated that the resulting hypocalcemia stimulates parathyroid activity, leading to the observed abnormalities in phosphorus metabolism.
The present studies also suggest that parathyroid hormone influences the mobilization of bone mineral in the vitamin D-deficient dog. After parathyroidectomy, serum calcium fell significantly, indicating that endogenous hormone was exerting a calcium-mobilizing effect. The serum calcium had decreased further 24 hours after parathyroidectomy. The administration of parathyroid extract increased the serum calcium in each rachitic parathyroidectomized animal. The changes 
LP 9.5 --0.5 (18, 19) . It has also been shown that the increases in serum calcium observed with the administration of parathyroid extract are largely a reflection of this action on bone (20) . It is likely, therefore, that the changes in serum calcium in the rachitic dogs resulted from the action of parathyroid hormone on bone mineral.
The results of the present experiments in the dog confirm the observations of Toverud in the rat (4, 5) Urinary hydroxyproline decreased after parathyroidectomy in the rachitic dogs and subsequently increased with the administration of parathyroid extract (Table V) . Available evidence suggests that urinary hydroxyproline peptides reflect collagen turnover (23) . Parathyroid extract has been shown to increase release of hvdroxyproline from bone in vitro (24) . Recent studies by Walker, Lapiere, and Gross (25) have shown that parathyroid extract stimulates a collagenolytic factor in bone, thereby causing the release of hydroxyproline peptides in vitro (25) . It has also been shown that parathyroid extract increases excretion of hydroxyproline in human subjects (26) . The present studies suggest that parathyroid hormone influences bone collagen turnover despite a deficiency of vitamin D.
Summary
Calcium and phosphorus clearances and hydroxyproline excretion were measured in rachitic dogs before parathyroidectomy, after parathyroidectomy alone, and with the administration of parathyroid extract after parathyroidectomy. In the rachitic dogs, serum phosphorus was decreased and phosphorus clearance was increased, as compared to controls. After parathyroidectomy of the rachitic animals, urinary phosphorus and phosphorus clearance decreased strikingly, indicating the ability of the renal tubules to conserve phosphorus despite vitamin D deficiency. These results also showed that endogenous parathyroid hormone was exerting a tubular effect to decrease phosphorus conservation despite a lack of vitamin D, and was responsible for the abnormalities in phosphorus metabolism in the rachitic dogs.
After parathyroidectomy, serum calcium fell in 11 of 12 rachitic animals, and it increased with the subsequent administration of parathyroid extract. These changes could not be attributed to changes in urinary calcium, and they suggested an action of parathyroid hormone on bone. Urinary hydroxyproline decreased after parathyroidectomy and increased with the subsequent administration of parathyroid extract, suggesting an action of parathyroid hormone on collagen metabolism in the vitamin D-deficient animals.
